Abstract: The general secretory (Sec) system of Escherichia coli translocates both periplasmic and outer membrane proteins through the cytoplasmic membrane. The pathway through the membrane is provided by a highly conserved translocon, which in E. coli comprises two heterotrimeric integral membrane complexes, SecY, SecE, and SecG (SecYEG), and SecD, SecF, and YajC (SecDF/YajC). SecA is an associated ATPase that is essential to the function of the Sec system. SecA plays two roles, it targets precursors to the translocon with the help of SecB and it provides energy via hydrolysis of ATP. SecA exists both free in the cytoplasm and integrally membrane associated. Here we describe details of association of the amino-terminal region of SecA with membrane. We use site-directed spin labelling and electron paramagnetic resonance spectroscopy to show that when SecA is co-assembled into lipids with SecYEG to yield highly active translocons, the Nterminal region of SecA penetrates the membrane and lies at the interface between the polar and the hydrophobic regions, parallel to the plane of the membrane at a depth of approximately 5 Å . When SecA is bound to SecYEG, preassembled into proteoliposomes, or nonspecifically bound to lipids in the absence of SecYEG, the N-terminal region penetrates more deeply (8 Å ). Implications of partitioning of the SecA N-terminal region into lipids on the complex between SecB carrying a precursor and SecA are discussed.
Introduction
The general secretory (Sec) system of Escherichia coli translocates both periplasmic and outer membrane proteins through the cytoplasmic membrane. The pathway through the membrane is provided by a highly conserved translocon, which in E. coli comprises two heterotrimeric membrane complexes, SecY, SecE and SecG (SecYEG), and SecD, SecF and YajC (SecDF/YajC). 1 Exported proteins must pass through the translocon before they acquire stablyfolded tertiary structure. 2 The precursor polypeptides are maintained in an unfolded state by association with cytosolic factors: SecB, a chaperone, and SecA, an ATPase. SecA, both with and without SecB, forms complexes with precursor polypeptides and delivers them to the translocon through an affinity for SecY. In vivo SecA is equally distributed between a soluble state in the cytoplasm and associated with the cytoplasmic membrane. 3 A fraction of the membrane-associated population is integral to the membrane; it cannot be removed by treatments used to define proteins as peripheral membrane proteins. [4] [5] [6] SecA is expected to be membrane associated since it binds SecY with high affinity. [7] [8] [9] However, even in the absence of SecYEG, SecA binds to liposomes that contain anionic lipids. This binding is nonspecific and mediated through electrostatic and hydrophobic interactions. 10 Two lipid-binding regions have been identified: the extreme carboxylterminal 70 aminoacyl residues of SecA, which are responsible for the electrostatic interactions, 11 and the amino-terminal region, which is responsible for the hydrophobic binding. 10 A bioinformatics approach has identified eight additional regions distributed throughout the protein that are possible lipid-binding sequences. 12 There is experimental evidence from many laboratories that SecA inserts into phospholipids. [13] [14] [15] [16] [17] [18] [19] Here we use site-directed spin labelling and electron paramagnetic resonance spectroscopy to measure depth in the lipid bilayer. We show that both in the absence of SecYEG and when productively associated with the translocon, the N-terminal twenty aminoacyl residues of SecA penetrate the membrane to lie at the interface between the polar heads and the hydrophobic interior, parallel to the plane of the membrane.
Results
In our laboratory, we use two reconstitution systems to study protein export. One is the conventional system in which the integral membrane complex SecYEG is assembled with E. coli lipids (termed proteoliposomes SecYEG, abbreviated PLYEG) and in the other SecYEG is assembled into liposomes in the presence of SecA (abbreviated PLYEG•A). The coreconstitution of SecA with SecYEG results in a sixfold increase in the number of active translocons as compared to PLYEG to which SecA is added after reconstitution. 20 The co-reconstitution system presents a good model for the E. coli cytoplasmic membrane because the fraction of the total SecYEG present that is active is the same for PLYEG•A and for isolated native inner membrane vesicles. 20 We have used electron paramagnetic resonance (EPR) spectroscopy coupled with site-directed spin labeling to examine the immersion depth of the N-terminal region of SecA when it is bound to SecYEG in highly active complexes created by co-assembly into proteoliposomes PLYEG•A, as well when SecA is added after reconstitution of SecYEG into PLYEG, and when SecA is added to liposomes that do not contain SecYEG.
The basis for determination of depth within a membrane using EPR spectroscopy is the phenomenon of power saturation. The intensity of an EPR signal reflects the difference in spin populations between the upper and lower energy states, which is proportional to the extent of microwave energy absorbed. The difference in the populations decreases as energy is absorbed. The population is restored to thermal equilibrium by dissipation of the excess energy through transfer to the surroundings (spin-lattice relaxation) to allow further absorption of energy. The time taken for the spin system to relax to equilibrium determines the amount of incident microwave power required to reach saturation of the signal. A shift of saturation to higher power can be achieved experimentally by addition to the solvent of paramagnetic relaxing reagents that enhance the rate of relaxation. The resulting change in the power needed for saturation (DP1 =2 ) is a measure of the accessibility of the nitroxide to the solvent containing the relaxation reagent.
When SecA associates with proteoliposomes two solvents are involved, an aqueous phase and a nonpolar phase, thus two collisional reagents are necessary to probe the interactions: the polar complex Ni(II) ethylenediaminediacetate (NiEDDA) for the aqueous environment and O 2 for the hydrophobic lipid phase. The collisional reagents partition between the two phases according to their polarity. Opposite concentration gradients are established normal to the plane of the bilayer: oxygen has its highest concentration at the center of the bilayer, whereas the concentration of NiEDDA is highest at the membrane-aqueous interface and lowest at the center of the bilayer. 21 The difference between the accessibility (given by the parameter, P) of a spinlabeled residue to polar and nonpolar collisional relaxation reagents is a function of depth. The depth parameter / is defined as / 5 ln(P O2 /P NiEDDA ) and is a linear function of depth in the hydrophobic phase. 21 The strategy requires that a series of variants of the protein under study be constructed in which each has a single accessible cysteine that is in the region of interest (see "Materials and methods"). In SecA, cysteine was substituted separately for each aminoacyl residue from 2 through 11 as well as for residues 13, 15, 19 , and 20. It should be noted that residue 2 is the first aminoacyl residue present in SecA. The initiating methionine is removed in the cytoplasm. The 14 constructs were modified to introduce a paramagnetic center using the sulfhydrylspecific reagent 1-oxyl-3-(maleimidomethyl)-2,2,5,5-tetramethyl-1-pyrrolidine. Each spin-labeled species is designated by the residue number and amino acid that has been substituted and modified by maleimide chemistry. Thus L2m indicates that leucine at position 2 carries a spin label.
As the first step in the study of depth in the membrane we determined the accessibility parameters (P) for the spin-labeled residues in the Nterminal region of SecA under conditions in which the SecA was free in solution and also when it was associated with three liposome systems, PLYEG•A, PLYEG 1 A and liposomes only. In addition we examined proteins known to be soluble and lipids spin labeled at the polar heads and in the hydrocarbon chains. The data are presented in a topographical plot 22, 23 ( Fig. 1 ), which is a phase diagram that distinguishes spin-labeled residues that are in a homogeneous aqueous environment from those that penetrate the bilayer. In this plot the accessibility parameter for NiEDDA (P NiEDDA ) is plotted versus the accessibility parameter for oxygen (P O2 ) for each spin-labeled residue. For residues that lay within the bilayer a NiEDDA concentration of 100 mM in the aqueous phase is required to achieve a level of the polar reagent within the lipid phase sufficiently high to generate a power saturation curve. On the other hand for a residue exposed to the homogeneous aqueous phase, 100 mM NiEDDA results in broadening of the spectral line. Therefore, if line broadening is observed a lower concentration (20 mM) is used for power saturation experiments. Thus, in the topographical plot the values for P NiEDDA are expressed per mM. The spread of the data along the P O2 axis reflects the increase in the concentration of O 2 as a function of depth in the bilayer since the collision rate with O 2 determines P. There are no gradients in the solution phase, thus the spread of data along the axis for P NiEDDA does not result from differences in concentration of the collisional reagents. Differences in accessibility in a homogenous environment depend on constraints such as very close approaches or contacts between the spin-labeled residues and other atoms in the protein structure that prevent collisions with the paramagnetic reagents. The data clearly cluster into two areas corresponding to a soluble and a lipid phase. The values for the polar head groups (TEMPO) of lipids incorporated into the three liposome systems (Fig. 1, open  triangles) can be taken to indicate the interfacial region between the hydrocarbon phase and the aqueous phase. Lipids carrying spin labels in the fatty acyl chains demonstrate low accessibility to NiEDDA and are distributed along the P O2 axis according to the position of the doxyl label along the length of the hydrocarbon chain (Fig. 1, open symbols, see legend for identity of color and shape). The first 10 aminoacyl residues of SecA when present in the three lipid-containing systems were seen to lie in the lipid phase (filled circles colored according to liposome system, see Fig. 2 for order of residues). In the absence of liposomes the SecA species SecAC98SF10m (yellow square), SecAC98SG11m (orange square), and SecAC98SR13m (black square) were shown to be in the solution phase. Interaction of SecA with membranes requires the presence of anionic lipids; when liposomes comprising only the neutral lipid phosphatidylcholine (PC) were added to SecAC98SF10m, the SecA demonstrated a location in solution (red square). When SecB was spinlabeled at residue T46 and examined in the presence of liposomes, the accessibility indicated a soluble protein (purple square). This is the expected result since SecB has no affinity for lipid.
A plot of the accessibility of the spin-labeled residues of SecA variants in PLYEG•A arranged sequentially reveals a pattern of accessibility to oxygen that is out of phase with the accessibility to NiEDDA [ Fig. 2(A) ]: when exposure to oxygen is high, accessibility to NiEDDA is low and vice versa. Such a pattern is characteristic of a sequence of aminoacyl resides that is inserted parallel to the plane of the membrane and lies near the interface having some residues exposed to the aqueous phase and others exposed to the hydrocarbon region of the fatty acyl chains. The pattern is most pronounced for residues K4 through G11 in PLYEG•A; however, a similar general pattern was observed for SecA added to PLYEG after reconstitution [ Fig. 2 Patterns of periodicity in solvent accessibilities of stretches of aminoacyl residues have been used to identify secondary structure. 24 An alternating periodicity of two is characteristic of b structure; whereas, helices display periodicities that reflect the number of residues in a turn. The total number of residues examined here, 10 in a continuous sequence, is not sufficient to fit the data to obtain a helical periodicity. However, it is clear by visual inspection that in all three systems, the stretches are not in b structure, but rather show weakly helical, loosely coiled patterns. The sequence of residues L2 through G11 forms an amphipathic a helix when displayed in a helical wheel. In the X-ray structure of SecA bound to SecYEG (PDB 3DIN) residues 1 through 27 of SecA show a helical structure. 25 In all other structures, the amino-terminal region of SecA is not resolved. This may indicate that the region populates many conformations without having one state more stable than the others. All available Xray structures were solved in the absence of lipids. We subjected a synthetic peptide mimic of the first 10 aminoacyl residues to analyses by circular dichroism to determine the effect of lipid on the secondary structure. In the absence of lipid the spectrum was typical of a predominantly disordered peptide [ Fig. 3(A) , black]. In the presence of liposomes the a-helical content of the peptide increased with increasing concentration of lipids, reaching a maximal level of 70% and showed no further increase above 0.75 mM lipid. The increase in helical content was at the expense of strands, turns and random coil [ Fig. 3 (B)]. As described above, the periodicity of the same sequence of amino acids in the intact SecA showed a loose coil but no defined pattern as assessed by accessibility measurements. This is likely the consequence of constraints on the sequence resulting from attachment to the remainder of SecA. The depth parameter, /, is calculated for each spin-labeled residue from the natural logarithm of the ratio of its accessibility parameters to O 2 and to NiEDDA. The parameter / is related to depth through calibration curves generated using lipids carrying spin labels at known depths. Since the presence of protein in the systems changes the solvent accessibility of the spin-labeled lipids used for calibration (see "Materials and methods" for details), a calibration curve specific for each liposome system must be generated. The calibration curve for depth in PLYEG•A is shown in Figure 4 (cyan squares).
To demonstrate the validity of depth determination using our systems we selected residues that are known to be found in different environments with respect to the membrane (Fig. 4) . Firstly, we examined a residue (L20) that is on the surface of a transmembrane helix of Tsr, a chemoreceptor for serine in E. coli. The power saturation results for TsrL20m assembled into proteoliposomes gave a depth of 13.9 Å (purple diamond). This value is within error of the depth (11 Å ) calculated from a model of a closely related chemoreceptor for aspartate, Tar. 26 ,27 Secondly, we tested two residues on SecA, E699m and E729m, in the Helical Wing Domain, that are solvent exposed in an E.coli homology model of the SecYEG-SecA X-ray structure 28 (a generous gift from Ian Collinson). When they are assembled into proteoliposomes, PLYEG•A, these residues (Fig. 4 , dark blue triangles) were not immersed in the hydrocarbon region; they mapped near the polar head group of the lipids (Tempo, cyan square) as would be expected since SecA is bound to SecY. The C-terminal 70 aminoacyl residues (831-901) of SecA are known to interact with membranes electrostatically. 11 In PLYEG•A SecAC896m (black triangle) was found it to be 2.2 Å below the phosphate head group at the lipid-water interface where electrostatic interactions would occur. The 10 aminoacyl residues located at the N-terminus of SecA variants that had been assembled into PLYEG•A (red triangles) mapped to the hydrocarbon region between the phosphate at the interface and C5 of the fatty acyl chains. The depth of the residues in sequential order is shown in Figure 5 .
Comparison of the penetration depths as a function of residue number shows that the residues of the N-terminal region in all three systems lie parallel to the plane of the membrane. Maximal penetration is observed for nonspecific binding of SecA added to empty liposomes (7-8 Å into the bilayer) (Fig. 5) . When SecYEG is co-assembled with SecA to give the highly active complexes observed in PLYEG•A, the N-terminal region penetrates the least having the deepest residues at approximately 5 Å . The N-terminal residues of the SecA that was added after the proteoliposomes had been assembled show a pattern of depth that lies between the other two systems. The three most amino-terminal residues, L2, I3, and K4 are at the same depth as in PLYEG•A, and diverge at later positions to follow closely the pattern for the empty liposomes until residue V9. The penetration of G11 in SecYEG•A is the least among the three systems. We extended our analyses beyond the continuous stretch from 2 to 11 to include four charged residues beyond G11, argi- and 20 of SecA in the other two systems remain well inserted into the hydrocarbon region. As seen with the other aminoacyl residues, the charged residues are closest to the interface of the membrane when the SecA is co-assembled with SecYEG, deepest when SecA is added to liposomes and intermediate when added to preformed proteoliposomes SecYEG. Our previous work using atomic force microscopy to image SecA associated with the three liposome systems offers an explanation for the different depths observed in the three systems. When proteoliposomes were formed by co-assembly, the great majority of SecA was found in one homogeneous population that represents the active translocon and displayed a height of 40 Å , corresponding to SecA bound to SecYEG as observed in the X-ray structure of the complex. 20, 25 In contrast, when SecA was added to preformed PLYEG or to empty liposomes, there was a wide distribution of heights with no prominent peak. The amino-terminal region of molecules of SecA that were bound directly to lipids, as can occur with PLYEG 1 A and with liposomes lacking SecYEG, would be able to penetrate more deeply than it could if SecA were held at a distance from the lipid surface by interaction with SecYEG. The co-assembled PLYEG•A have six times more active units of SecYEG than do the PLYEG to which SecA is added. Thus, PLYEG with SecA added would have a mixed population of SecA, between the extremes of mostly bound to SecYEG as in PLYEG•A and all bound directly to lipids (liposomes 1 A) thereby accounting for the three different patterns of depth.
Discussion
Both in vivo and in vitro the interaction of SecA with anionic lipids is crucial for translocation through SecYEG. 29, 30 Based on the observation that deletion of 20 aminoacyl residues from the Nterminus of SecA eliminated translocation in vitro, but activity could be restored by tethering the truncated SecA via a His-tag to Ni-NTA lipids incorporated into proteoliposomes, Bauer et al. proposed that the only function of the deleted residues is to tether SecA to the membrane. 31 In contrast, Koch et al. proposed that the association with lipid is an essential intermediate step that induces a change in conformation of SecA to prime it for high affinity binding to SecYEG. 32 The nonspecific interaction of SecA to anionic lipids is mediated both by the amino-and carboxyl-terminal regions of SecA. 31, 32 Both of these regions are also involved in interactions that stabilize a complex of two protomers of SecA to a tetramer of SecB that has a precursor bound. This complex is important for directing the precursor to the translocon. The C-terminal 21 amino acids of SecA, which contains zinc, binds a negatively charged patch on the flat b sheets on the sides of SecB. 33 The first 10 aminoacyl residues of SecA bind the C-terminal 14 residues of SecB. 34 In addition, the same N-terminal region of SecA protomers makes interfacial contacts that stabilize the dimeric form of SecA. [34] [35] [36] [37] At many points, as SecA moves through the cycle of export, there is a dynamic exchange of the N-terminal region with its multiple binding partners. Free in the cytoplasm the sequence stabilizes the dimeric form of SecA. Upon interaction with SecB, which carries a precursor, the N-termini of both protomers of SecA would bind to the C-termini of the SecB tetramer resulting in a complex having a stoichiometry of two protomers of SecA to one tetramer of SecB (A2:B4). 34 When the N-termini of SecA associate with SecB, the equilibrium of SecA is shifted toward monomer since the interactions of the N-termini at the dimer interface are disrupted. This is consistent with the finding that SecA does not bind SecB as a dimer, but rather as two protomers on opposite sides of SecB, 38 which has the precursor ligand wrapped around it. [39] [40] [41] In subsequent steps along the pathway the precursor must be transferred from SecB to SecA and on to the translocon. The affinity of SecB for precursors is in the range of 50 to several hundred nanomolar 42 whereas that of SecA for precursor is in the micromolar range. 43 Therefore, transfer from SecB to SecA must involve a change of relative affinities. We have proposed previously 34, [44] [45] [46] that the association and/or dissociation of the multiple sites of interaction between SecA and SecB are likely to be involved in the transfer of precursor. Both the SecA dimer and the SecB tetramer, organized as a dimer of dimers, display twofold symmetry and yet the contacts stabilizing the complex are distributed asymmetrically. 34, 47 The C-terminal zinc-containing region of each protomer of SecA binds to the flat, b sheet formed on the side of each dimer of the SecB tetramer. Only one of the protomers of SecA has additional stabilizing contacts as demonstrated by the observation that breaking the contacts between the C-termini of SecA and the sides of SecB releases one protomer of SecA and leaves the other bound in a complex of one protomer of SecA to tetrameric SecB (A1:B4). 34 The contacts stabilizing the A1:B4 complex involve the Cterminal tails of SecB. One tail binds the N-terminal 10 aminoacyl residues of SecA and a second SecB tail binds to SecA at the 10 aminoacyl stretch, residues 600-610, which links NBD2 to the HSD. 38 A model of the source of asymmetry among these contacts within a SecB:SecA complex based on a study of heterotetrameric species of SecB proposes that the N-terminal 10 residues and the residues in the 600 region of one SecA protomer bind tails of SecB protomers that lie directly opposite each other across the dimer interface [for details of the model see Ref. 47] . The dimer interface forms a groove that binds precursors. 39, 40 Haiman et al. 48 using EPR spectroscopic techniques showed that the distance between spin labels on opposite dimers at the edge of the binding groove changed when a ligand bound. The binding of a protomer of SecA across the interface might exert a strain resulting in a conformational change to decrease the affinity of precursor for SecB. This would allow transfer of precursor from SecB to SecA within the complex. At the membrane both the N-termini and the C-termini of SecA would bind the bilayer thereby disrupting the SecA:-SecB complex. At that point SecA carrying the precursor would bind the SecYEG translocon for movement of the precursor through the membrane. The proposed competition between partitioning of the N-terminus of SecA into the membrane and binding to SecB requires that the strength of the two interactions be similar. The DG of binding of a peptide mimic of SecA residues L2-G11 to the SecB tail is approximately-6 kcal mol 21 as determined by titration calorimetry. 46 Interaction of the same peptide with supported lipid bilayers was studied in a single molecule assay using atomic force spectroscopy. 49 The magnitudes of the forces of association and dissociation of the peptide that partitions into the bilayer were fitted to a theoretical model to determine the energy barrier that was overcome to pull the peptide out. The value obtained was approximately 4 kcal mol 21 . Thus it appears that both interactions have similar strengths and a competition between them is feasible. The X-ray structure of T. maritima SecA bound SecYEG 25 shows SecA interacting with only the surface elements of SecY, poised above the lipid bilayer. Recent results of an elegant in vivo photocrosslinking study from the laboratory of Donald Oliver 19 are inconsistent with this structure. That in vivo work showed that SecA penetrates deeply into the SecY channel to interact with transmembrane helices as well as will periplasmic regions.
In the work presented here we have shown that when SecA is productively associated with SecYEG in proteoliposomes SecYEG•A, the N-terminal 10 aminoacyl residues penetrate the membrane to lie parallel to the plane of the bilayer at a depth of approximately 5 Å . As discussed in Koch et al. 32 in order for SecA to simultaneously have the Nterminal region in the lipid bilayer and to bind to the surface of SecY, would require a large conformational change. Based on comparison of SecYEG complexes in nanodiscs containing different ratios of lipid to SecYE, Koch et al. 32 established that the initial interaction of SecA with lipids is an important intermediate step in binding SecYEG. They proposed that SecA undergoes a large conformational change activating it for binding productively to SecY. Since the complex in the X-ray structure was crystallized in the presence of detergent, which displaced the lipids, that structure may represent SecA before a conformational change that would allow it to integrate deeply into the channel, as observed by Banerjee et al., 19 and to have the N-terminal region penetrate the bilayer directly as we have reported here. Combining our work on interactions of SecA with its binding partner, SecB, as discussed earlier in the text, and the work presented here, we propose that not only the binding to SecA to lipids induces a conformational change that allows it to bind SecYEG, as proposed by Koch et al., 32 but also that the competition between the N-terminal region of SecA binding to SecB and partitioning into the lipid phase might initiate transfer of precursor from SecB to SecA, facilitating the subsequent movement of precursor through the translocon.
Materials and Methods

Bacterial strains and plasmids
Site-directed spin labeling requires that the only accessible cysteine is the target to be modified. Wildtype SecA includes four native cysteines, three of which bind zinc (Cys885, Cys887, and Cys896) and are not available for labeling. Therefore, only one residue, Cys98 was replaced with serine (SecAC98S) to create the parent of all other variants. All substitutions were made by site-directed mutagenesis (Quick Change, Stratagene). The SecA proteins with single accessible cysteines introduced into 14 residues in the N-terminal region were purified from strains of JM109(DE3), which carry derivatives of the plasmid, pMAN400 50 which carries secAC98S under control of the Tac promoter. Site-directed mutagenesis created a series of plasmids encoding variants of SecAC98S, each carrying an introduced cysteine at the position indicated: pAL741, L2C; pAL742, I3C; pAL773, K4C; pAL743, L5C; pAL744, L6C; pAL745, T7C; pAL746, K8C; pAL608, V9C; pAL747, F10C; pAL454, G11C; pAL787, R13C; pAL788, D15C; pAL790, R19C; pAL791, R20C; pAL924, E699C and pAL947, E729C. SecBT46C was constructed for a previous EPR study. 39 Ampicillin was the antibiotic in the growth media for all strains. The genes carried on plasmids were induced by isopropyl b-D-1-thiogalactopyranoside (IPTG).
Protein purification
SecA, SecB, SecBT46C and SecYEG were purified as previously described. 20 The strains used were as follows: for SecA, RR1/pMAN400; 50 for SecB wild type, BL21(DE3) harboring plasmid pJW25 51 and for SecBT46C, strain BL21(DE3) secB::Tn5 srl::Tn10 recA harboring plasmid pAL297; 39 for SecYEG C43(DE3) harboring a plasmid encoding secE with a His-tag at the N-terminus, secYC329S, C385S, and secG.
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Purification of all SecA single-cysteine variants were carried out using the following protocol. Cells Findik et al.
were grown in LB media at 358C with shaking to an optical density (OD) of 0.5 at 560 nm. Zinc sulfate was added to a final concentration of 0.1 mM and growth continued for 10 min, at which time IPTG was added to 0.2 mM and growth continued for 2.5 h. Cells were harvested, washed and suspended in 20 mM Tris-Cl, pH 8.0, 2 mM DTT to a final OD of 120 at 560 nm. The cell suspension was frozen by dripping into liquid nitrogen and stored at 2708C until needed. The suspension was rapidly thawed in 20 mM Tris-Cl pH 8.0, 1 mM phenylmethylsulfonyl fluoride, 2 mM DTT, and 0.15 mg/mL lysozyme at a volume equivalent to twice the weight of the frozen cell suspension. Cells were frozen by rapidly dripping into liquid nitrogen and thawed by incubating at 408C in a water bath. Cycles of freeze and thaw were repeated twice to lyse the cells. This method of lysis is important because if EDTA were added, as is usually done, to allow access of lysozyme to the peptidoglycan, then two native cysteines would become spin labeled because a zinc atom, which protects them, would be removed. After lysis, the suspension was incubated on ice for 20 min with DNase (10 mg/ mL) and Mg(OAC 2 ) (3 mM), and subsequently centrifuged at 542,0003g, 32 min at 48C, in a TL100.4 rotor (Beckman). The supernatant was filtered using a Millipore Steriflip (membrane pore size: 0.2 mm) and applied to a 5 mL Hitrap Blue HP affinity column (GE Healthcare, USA) equilibrated in 10 mM HEPES-KOH pH 7.6, 0.1M NaCl, 2 mM DTT. The column was washed with the same buffer, and a gradient from 0.1M NaCl, 0% ethylene glycol, to 1.5M NaCl, 50% ethylene glycol in the column buffer was applied. All contaminants were eluted within the gradient. SecA eluted in a continuation of a wash with 1.5M NaCl, 50% ethylene glycol in column buffer, which contains 2 mM DTT to keep the cysteines reduced. Fractions containing SecA were pooled, the pool was concentrated and stored at 2808C.
Final concentrations of SecA and SecB were determined spectrophotometrically using extinction coefficients at 280 nm of 78,900 M 21 cm 21 for SecA monomer, and 47,600 M 21 cm 21 for SecB tetramer.
The concentrations of SecYEG were determined using quantitative SDS polyacrylamide gel electrophoresis with a standard of pure SecYEG. Concentrations are expressed as tetrameric SecB, monomeric SecA, and monomeric SecYEG unless otherwise indicated.
Spin-labeling of proteins
Variants of protein labeled with 1-oxyl-3-(maleimidomethyl)-2,2,5,5-tetramethyl-1-pyrolidine (Toronto Research Chemicals, ON, Canada) are designated by the amino acid and residue number that has been substituted and modified by the nitroxide through reaction of the cysteine via maleimide chemistry. Thus, K8m indicates lysine at position 8 carries the spin label. Just before spin labeling, reducing agent (DTT) was removed by exchange into 10 mM HEPES-KOH, 0.3M KOAc, pH 7.0, using a Nap10 column (GE Healthcare, USA). A threefold molar excess of spin labeling reagent over cysteine was added from a stock of 50 mM in MeOH, which had been stored in the dark at 2808C. The final MeOH concentration during labeling was kept below 1%. The labeling reaction was carried out in the dark at room temperature for 3 h and then placed on ice in the dark for 1 h 30 min to complete the reaction. A Nap10 column equilibrated in 10 mM HEPES-KOH pH 7.6, 0.3M KOAc was used to remove free spin. Fractions of 4 drops (200 mL) were collected and those fractions which contained spin-labeled SecA were identified by EPR spectroscopy and pooled. To minimize free spin the pooled fractions were washed twice with 10 mM HEPES-KOH, 30 mM KOAc, 1 mM Mg(OAC 2 ), pH7.6 in an Amicon UltraCentrifugal Concentrator (MWCO: 30 K) and concentrated to approximately 300 mM. The spin-labeled proteins were stored at 2808C. A detailed protocol for spin labeling is given in reference. 53 The continuous wave (CW) EPR spectra for spin-labeled aminoacyl residues L2-G11 are shown in Supporting Information (Fig. S4 ).
Both the cysteine-substituted and the spinlabeled variants of SecA were folded, demonstrated a monomer-dimer equilibrium and were shown to bind SecB. Only two of the spin-labeled proteins, SecAC98SK4m and SecAC98SI3m, had a significant amount of aggregate (17% and 40%). See Supporting Information Materials for details and examples.
Proteoliposomes
Unilamellar liposomes were prepared by extrusion of E.coli polar lipids (Avanti) suspended in 10 mM HEPES-KOH, 30 mM KOAc, 1 mM Mg(OAC 2 ), pH 7.6 using a Lipofast (Avestin, Ontario, Canada) with a membrane of 100 nm pore diameter. The liposomes were swelled for 3 h at room temperature in the presence of dodecyl beta-D-maltoside (DbM) at a ratio of 4.65 mM DbM to 5 mM lipids. For PLYEG•A, 10 mM SecYEG and 10 mM spin-labeled SecA monomer were assembled into the liposomes simultaneously. For PLYEG, only 10 mM SecYEG was added. The mixture was rotated at room temperature for 1 h. Biobeads SM-2 (BioRad) in 10 mM HEPES at pH 7.6, 30 mM KOAc were added to the mixture at a ratio of 1.4:1 (v:v) to remove detergent, and the mixture was rotated again for approximately 1.5 h at room temperature. Biobeads were removed by centrifugation at 2000g, 5 min at 98C in a GH-3.8 rotor (Beckman Coulter, Allegra 6R). The resulting proteoliposomes were collected by centrifugation at 436,000g, 20 min at 48C, in a TL100.1 rotor (Beckman). The pellet was suspended in 10 mM HEPES-KOH, 0.3M KOAc, 1 mM Mg(OAc 2 ), pH 7.6, centrifuged, and suspended in the same buffer in a volume to give approximately 0.25 mM spin-labeled protein.
The proteoliposomes PLYEG•SecA assembled with spin-labeled SecA variants and PLYEG with the spin-labeled SecA added after reconstitution were shown to be active in an in vitro translocation system 20 (see Supporting Information Materials).
EPR power saturation
EPR spectroscopy was performed on an X-band Bruker EMX spectrometer with a dielectric EPR resonator (ER4123D-CW-Resonator Bruker). A sample of 4 mL was loaded into a gas-permeable TPX capillary made of a methyl-pentene polymer (Molecular Specialties, WI). Before collecting data, either N 2 or compressed air (20% O 2 ) was flushed through the capillary for at least 5 min to equilibrate the sample with the gas and to equilibrate to room temperature. For studies using liposomes, a sample of 8 mL was incubated with a final concentration of either 20 or 100 mM NiEDDA (as indicated) for 3 h 30 min. The sample was then subjected to four cycles of freezing in liquid nitrogen and thawing so that the NiEDDA concentration would be the same in the aqueous solution on both sides of the lipid bilayer. During collection of the spectra with NiEDDA, N 2 was flushed through capillary to remove O 2 .
To determine the central line width (DHpp), spectra were collected using an incident microwave power of 3 mW with a 100 kHz field modulation of 1-3 G as appropriate. For each spectral line, 8 scans were recorded through a 100 G field width with a center field of 3474 G. For power saturation, spectra were acquired at microwave powers over the range of 0.1 to 200 mW in 12 steps of equal increments. At each power, 8 scans were recorded at room temperature with a scan width of 40 gauss and a modulation of 1-3G as appropriate. The spectra collected in the presence of N 2 , air (20% O 2 ) and NiEDDA are used to calculate P 1/2 (N 2 ), P 1/2 (O 2 ), and P 1/2 (NiEDDA) using the Labview programs written by Christian Altenbach (University of California, LA). The power saturation parameter for each paramagnetic agent (DP 1/2 (x), where x is O 2 or NiEDDA) was calculated by subtracting the P 1/2 value in the absence of a paramagnetic agent (P 1/2 in N 2 ) as follows: DP 1/2 (x) 5 P 1/2 (x) -P 1/2 (N 2 ), where x is O 2 or NiEDDA. The dimensionless accessibility parameter (P) is obtained by dividing DP 1/2 by DHpp of the center line of the corresponding EPR signal. Variability among resonators is eliminated by normalization to the accessibility of a standard, 2,2-diphenyl-1-picrylhydrazyl (DPPH).
Generation of calibration curves for the depth parameter
The depth parameter / is calculated from the accessibility values as follows: / 5 ln [P(O 2 )/P(NiEDDA)].
The parameter allows determination of depth with reference to calibration curves generated using spinlabeled lipids (Avanti Polar Lipids, AL) that have known depths in the bilayer. We used phospho(tempo)choline (16:0, 18:1) carrying TEMPO on the choline head group and a series of phosphatidylcholine lipids (16:0, 18:0) with doxyl groups at the positions C5, C7, C10, and C12 in the C18 hydrocarbon chains. Calibration curves were generated for the three types of liposomes. SecA was added to empty liposomes and to PLYEG because the presence of protein within the bilayer changes the accessibilty parameters. We used five separate preparations of each type of liposome in which only one species of the spin-labeled lipid was present. All prepartions contained a mixture of E.coli polar lipids and the spin-labeled lipid at the ratio of 100:1. The A values determined for the spin-labeled lipids that were used as standards in the three systems were plotted as a function of the known depths of the five spinlabeled species: Tempo head group, 25 Å ; 54 
Circular dichroism spectroscopy
Spectra were recorded from 190 to 260 nm in a 1 mm path length quartz cuvette at 88C using a JASCO J-815 spectrophotometer. The step-size was 0.5 nm, the bandwidth, 1 nm and the scan rate, 20 nm/min. Smoothed, background-corrected spectra were fitted using the CDSSTR secondary structure analysis method 56 accessed through the DichroWeb web-interface ENREF_33 57 located at http://dichroweb.cryst.bb.ac.uk. Reference set 4, which is optimized for the spectral region between 190 and 240 nm was used for all spectra. The peptide concentration was 45 mM, and total lipid concentration was varied between 0 and 1 mM as given.
